Objectives: Echocardiography is used to quantitatively characterize cardiovascular function in fetuses with cardiac abnormalities and inform decisions for fetal or perinatal interventions. It is clinically important to understand the reproducibility of these measures, particularly between testers. While studies have reported intraobserver variability and inter-observer variability, little is known about test-retest variability for these measures. We hypothesized that even in a high volume echocardiography laboratory, quantitative measurements will demonstrate higher test-retest variability compared with inter-observer variability and intra-observer variability of the same measurements.
| INTRODUC TI ON
Echocardiography has gained increasing use in the quantitative characterization of cardiovascular dysfunction in fetuses with suspected cardiac abnormalities and informs decisions for fetal or perinatal interventions. Certain high-risk pregnancies are monitored very closely during pregnancy to evaluate for signs of fetal distress by evaluating indices other than ventricular function, cardiac valvar insufficiency, or the development of hydrops. Examples of fetal or maternal disease states when quantitative assessment of fetal cardiovascular function and/or rhythm is necessary include twin-twin transfusion syndrome, 1 high cardiac output lesions such as fetal anemia or fetal vascular tumors, 2 and pregnancies with positive maternal autoantibodies SSA and SSB in maternal systemic lupus erythematosus and Sjogren disease. 3 In these conditions, quantitative changes in cardiovascular functional or rhythm parameters can influence care decisions regarding proceeding with fetal interventional procedures and transplacental pharmacologic therapy in the at-risk fetus.
The use of these measurements in fetal echocardiography to better understand disease processes, and potentially intervene earlier, before more adverse effects on fetuses is an exciting prospect. However, no intervention or medication administration is without risk to both the mother and the fetus, therefore, it is clinically and critically important to understand the potential variability of these measures, particularly between testers. Multiple studies have reported intra-observer variability and inter-observer variability of different Doppler velocimetry measurements in the fetus with varying results depending on the method used and depending on the specific Doppler profile assessed. [4] [5] [6] [7] [8] The majority of the studies demonstrated good or excellent intra-observer repeatability with slightly lower inter-observer repeatability, although generally still adequate, with various quantitative measures.
These previous studies demonstrate intra-observer reproducibility and inter-observer reproducibility usually involving re- We hypothesized that despite being a high volume fetal echocardiography laboratory, fetal quantitative measurements will demonstrate higher test-retest variability and less agreement compared with intra-observer variability and inter-observer variability and agreement of the same measurements.
| ME THODS
This was a prospective study of uncomplicated, singleton pregnancies recruited during scheduled and clinically indicated fetal echocar- Intra-observer variability and inter-observer variability were also evaluated. All studies were performed on Siemens S2000 ultrasound systems (Siemens Healthcare, Tarrytown, NY) using appropriate curvilinear ultrasound probes. All eligible participants were approached for enrollment during the duration of the study. Participants were excluded if they were <18 years of age, had abnormal fetal cardiac anatomy, were a multiple gestation pregnancy, were not English speaking, or withdrew prior to completion of the study. The study was approved by the Institutional Review Board at our hospital, and informed consent was obtained at the time of enrollment.
This study acquisition protocol is demonstrated in Figure 1 .
Intra-observer variability was assessed by sonographer 1 repeating their own measurements on the same fetal echocardiogram images 30 days after initial measurements. Inter-observer variability was assessed by sonographer 1, and sonographer 2 performing measurements on the same fetal echocardiogram images. Test-retest variability was assessed by sonographer 1 performing measurements on the images obtained during the first echocardiogram imaging acquisition and sonographer 2 performing measurements on the images obtained during the second echocardiogram imaging acquisition.
| Statistical methods
We assessed intra-observer, inter-observer, and test-retest reproducibility and agreement of fetal echocardiogram Doppler indices.
For each measurement, the average of the triplicates was used.
For some variables, accurate recording of variables was not possible (fetal movement, fetal position, poor angle of insonation) from all 30 subjects. In this case, the data were not used in the statistical analysis in order to limit variability that would be imposed by utilizing marginal Doppler or 2-dimensional data or not evaluating the data in triplicate. Bland-Altman plots and 95% limits of agreement (mean difference ± 1.96 SD) for each comparison were evaluated for normal distribution of bias, and to assess how far apart two measurements were most likely to be for the abovementioned situations. Mean intra-observer, inter-observer, and test-retest difference were expressed as the absolute value of the difference between observers/testers divided by the mean value for both observers/testers, expressed as a percentage. As prospective subject enrollment proceeded slower than expected for the study period, we evaluated precision of the study measures. For 30 recruited subjects in which each image acquisition was measured three times and averaged, precision of the measures was calculated according to McAlinden et al 10 (Graph S1).
According to this reference, the benefit of increasing sample size beyond 30 tends to flatten. With 30 subjects in the current study, the study precision will be 18% of within-subject SD; even considering a few missing values, the precision is <20%. We concluded that this level of precision was acceptable given the challenges in prospective recruitment of subjects.
| RE SULTS
Thirty fetuses between 17-and 36-week gestation were enrolled.
Intra-observer and inter-observer and test-retest mean percent difference, or agreement, for all 24 variables examined are summarized in Table 1 . As shown in Figure 2 , the majority of the variables 
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For all variables, test-retest agreement was worse, particularly for measurement of myocardial performance index (MPI), cardiac output estimation, and VTI-based indices. Complete data from the Bland-Altman analysis, including bias and limits of agreement for intra-observer and inter-observer and test-retest measurements, are presented in Table 2 .
| D ISCUSS I ON
Our results indicate that, similar to previously reported studies, 2-dimensional and M-mode measurements were in the middle with a fair agreement on test-retest assessment. As one would expect, those assessments requiring the use of more than one quantitative measure, such as MPI or cardiac output, had the worst agreement in all three methods given the compounding of measurement error, with >20% percent difference on test-retest assessment. This has also been reported for common pediatric echo measures.
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It is somewhat surprising that the Doppler MPI is so variable between testers, particularly given our center's substantial experience in the measurement of MPI in fetuses. [12] [13] [14] [15] Studies have reported different ways to measure the variables necessary to calculate the MPI. 5, [16] [17] [18] We utilize the valve click method for MPI assessment, as it has previously been reported to lower variation. 5 Recent reports would suggest that there is significant beat-to-beat variability in assessment of MPI in the fetus, 19 and this may have impacted our findings, even though it is our practice to measure MPI over three beats and average. It may be that averaging more beats may reduce this variability, as has been suggested in previous reports.
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As this is the first report assessing test-retest agreement of fetal Doppler velocimetry profiles, additional studies should be performed to confirm these findings. The current study is somewhat limited by a smaller sample size, though statistical analysis would suggest that it is sufficiently precise to allow one to draw important conclusions from the data. A longer, larger prospective study would have the potential to further support these preliminary findings. It would be of particular interest to study the impact of averaging a greater number of cardiac cycles with regard to Doppler MPI, cardiac output, and venous Doppler VTI ratios, with regard to improving test-retest agreement, as beat averaging has been demonstrated to improve intra-observer variability and inter-observer variability. 
